Fascin is an actin-bundling protein involved in filopodia assembly and cancer invasion and metastasis of multiple epithelial cancer types. Fascin forms stable actin bundles with slow dissociation kinetics in vitro [1] and is regulated by phosphorylation of serine 39 by protein kinase C (PKC) [2] . Cancer cells use invasive finger-like protrusions termed invadopodia to invade into and degrade extracellular matrix. Invadopodia have highly dynamic actin that is assembled by both Arp2/3 complex and formins [3, 4] ; they also contain components of membrane trafficking machinery such as dynamin and cortactin [5] and have been compared with focal adhesions and podosomes [6, 7] . We show that fascin is an integral component of invadopodia and that it is important for the stability of actin in invadopodia. The phosphorylation state of fascin at S39, a PKC site, contributes to its regulation at invadopodia. We further implicate fascin in invasive migration into collagen I-Matrigel gels and particularly in cell types that use an elongated mesenchymal type of motility in 3D. We provide a potential molecular mechanism for how fascin increases the invasiveness of cancer cells, and we compare invadopodia with invasive filopod-like structures in 3D.
Summary
Fascin is an actin-bundling protein involved in filopodia assembly and cancer invasion and metastasis of multiple epithelial cancer types. Fascin forms stable actin bundles with slow dissociation kinetics in vitro [1] and is regulated by phosphorylation of serine 39 by protein kinase C (PKC) [2] . Cancer cells use invasive finger-like protrusions termed invadopodia to invade into and degrade extracellular matrix. Invadopodia have highly dynamic actin that is assembled by both Arp2/3 complex and formins [3, 4] ; they also contain components of membrane trafficking machinery such as dynamin and cortactin [5] and have been compared with focal adhesions and podosomes [6, 7] . We show that fascin is an integral component of invadopodia and that it is important for the stability of actin in invadopodia. The phosphorylation state of fascin at S39, a PKC site, contributes to its regulation at invadopodia. We further implicate fascin in invasive migration into collagen I-Matrigel gels and particularly in cell types that use an elongated mesenchymal type of motility in 3D. We provide a potential molecular mechanism for how fascin increases the invasiveness of cancer cells, and we compare invadopodia with invasive filopod-like structures in 3D.
Results and Discussion

Fascin Is Involved in Microspike Formation
Fascin is expressed in normal neonatal and adult human melanocytes and in several melanoma cell lines (see Figure S1A available online). Fascin colocalizes with filamentous actin at peripheral and dorsal spikes and filopodia in a highly metastatic cell line A375MM ( Figure S1B ). Knockdown of fascin in A375MM cells ( Figure S1C ) results in a >1.6-fold reduction in the formation of peripheral filopodia and dorsal microspikes without obviously affecting cell spreading or lamellipodia (Figures S1D and S1E), consistent with [8] . Expression of GFP-tagged Xenopus tropicalis fascin (GFP-Xtfascin) [9] rescued filopodia formation in fascin small interfering RNA (siRNA) cells (Figures S1D and S1E). Thus, we confirm a role for fascin in filopodia and we note its expression in normal melanocytes and melanoma cells.
Fascin Is Required for Invadopodia Formation and Focal Extracellular Matrix Degradation in Human Melanoma and Breast Cancer Cells
Fascin is highly expressed at tumor invasive fronts [10, 11] , suggesting a role in actively invading cancer cells in vitro.
Endogenous and expressed GFP-fascin colocalized with actin and Arp2/3 complex at invadopodia of CHL-1 melanoma cells ( Figure 1A ) and A375MM cells ( Figure S1F) . A recent study of invadopodia dynamics revealed an actin comet-like organization with cortactin, Arp2/3 complex, and dynamin2 distributed throughout the comet structure, and N-WASP at the comet head [3] . We observed numerous comet tails, which appeared tethered near the head with a dynamic tail that spins, at degradation sites in A375MM cells, somewhat reminiscent of a corkscrew ( Figure S2 and Movie S1). Only large invadopodia appeared as obvious comets. Arp2/3 complex, cortactin, and fascin localized throughout comet heads and tails (Figures S2B-S2D and Movie S1), whereas N-WASP concentrated mostly in the head ( Figure S2A and Movie S1). N-WASP may be recruited to and activated at comet heads by phosphoinositides [12] . Similar comets appear on endocytic vesicles [13] . In addition to fascin, IRSP53, IRTKS, and mDia2 [4] , which are proteins that promote the formation of filopodia [14, 15] , also localized at invadopodia (Figures S2E-S2G and [4] ). The provision of long parallel actin networks via diaphanous related formins (DRFs) and actin-bundling proteins may provide both force production and structural stability at invadopodia. It isn't clear why invadopodia use both Arp2/3 complex and DRFs to assemble actin, but the combined activity of Arp2/3 complex and fascin bundling can drive Listeria motility [16] . Invadopodia thus seem to be a hybrid structure with elements of comet tails and invasive filopodia.
Fascin depletion in CHL-1 cells ( Figures 1B-1D ), A375MM cells ( Figures S1G and S1H ), or MDA-MB-231 breast adenocarcinoma cells (Figures S1J-S1M) by siRNA significantly reduced the number of invadopodia and the extent of matrix degradation on both gelatin and collagen matrix. Thus, a requirement for fascin in invadopodia was neither cell-type specific nor matrix specific. In addition, siRNA against p34-Arc (ARPC2) also reduced invadopodia (Figures S1K-S1M).
Together, our results demonstrate a general importance of fascin for invadopodia formation on various matrices. We suggest that fascin is involved in invasive protrusion and that it may provide a scaffold for force production in invadopodia.
Invadopodia Formation Depends on Regulation of Fascin at Serine 39
Previous studies showed that the phosphorylation of fascin at serine 39 regulates its F-actin bundling activity [8, 17, 18] . To determine whether fascin phosphorylation is likely to regulate invadopodia formation, we made fascin knockdown cells with GFP, GFP-Xtfascin, or two different phosphorylation-state mutants of fascin. We used GFP-Xtfascin S33A, an active dephosphomimic that retains its actin-bundling activity, or GFP-Xtfascin S33D, an inactive phosphomimic that has lost its actin-bundling activity but that retains PKC-binding activity [9] . Knockdown of fascin in CHL-1 or A375MM cells did not alter the expression of Xtfascin ( Figure 2B ; Figure S3B ). Invadopodia formation of fascin knockdown cells was fully restored by wild-type GFP-Xtfascin or GFP-Xtfascin S33A in both CHL-1 and A375MM cells ( Figure 2C ; Figure S3C ). Both of these proteins localized to invadopodia together with cortactin ( Figure 2A ; Figure S3A ). GFP-Xtfascin S33D failed to *Correspondence: l.machesky@beatson.gla.ac.uk rescue invadopodia formation and appeared diffuse with weak localization to residual invadopodia (Figures 2A and 2C ; Figures S3A and S3C ). In addition, expression of human GFP-fascin S39E in A375MM cells significantly decreased matrix degradation ( Figure S3D ). However, expression of human GFP-fascin or GFP-fascin S39A did not significantly affect extracellular matrix (ECM) degradation ( Figure S3D ). Together, these data suggest that the actin-bundling activity of fascin may be required for invadopodia formation and that the inactive phosphomimic mutant of fascin has a dominantnegative effect. The weak localization of fascin S33D at residual invadopodia suggests that PKC could be involved with targeting fascin to invadopodia. A complex of PKCm-cortactin-paxillin forms at invadopodia of MDA-MB231 cells [19] , but no role for PKC-a or PKC-g has yet been described. Fascin phosphorylation may be important for the cycling of fascin on and off dynamic actin structures or for the localization of PKC complexes. Integrin engagement regulates fascin phosphorylation status via PKC [20] , so different ECM substrates and rigidity of matrix may also affect fascin dynamics in vivo. . Middle: number of invadopodia per cell on gelatin (black) and collagen I (white). Bottom: area of degradation per invadopod of the ten biggest degradations per cell on gelatin (black) and collagen I (white). All error bars indicate mean 6 standard error of the mean (SEM). **p < 0.01 by t test. Invadopodia were defined as puncta enriched for actin, cortactin, and gelatin degradation. Similar experiments done with A375MM or MDA-MB231 cells are shown in Figure S1 . Detailed analysis of fascin localization at invadopodia is shown in Figure S2 . Movie S1 shows dynamics of actin comets at invadopodia and 3D reconstruction of fascin localization in comets.
Fascin Regulates Actin Stability at Invadopodia
To understand how fascin controls actin dynamics at invadopodia, we examined the turnover rates of GFP-tagged actin, cortactin, N-WASP, p21-Arc (ARPC3), and fascin at invadopodia ( Figure S4A and Movie S2) via fluorescence recovery after photobleaching (FRAP). Although invadopodia persisted for hours, cortactin, N-WASP, and p21-Arc all rapidly recovered to more than 80% of prebleach values, indicating a dynamic association with invadopodia. Actin, however, only recovered to about 70% prebleach level, suggesting that 30% of actin is trapped ( Figure 3A) . Although fascin at invadopodia recovered to nearly prebleach level, the recovery rate of fascin was >10-fold slower than that of actin, cortactin, N-WASP, and p21-Arc. Fascin turnover in filopodia was more rapid, with a half-time of recovery of about 9 s ( Figure 3A ) and 96% recovery ( Figure 3B ; Figure S4A ; in agreement with [8] ). Our kinetics agree fairly closely with previously published values for turnover of actin, cortactin, and Arp2/3 complex in lamellipodia [21] and suggest that fascin is particularly stable at invadopodia, perhaps to provide a platform for force production. We also investigated whether the level of fascin in cells could change the actin dynamics at invadopodia. The actin dynamics were compared in fascin-depleted and -overexpressing cells via FRAP ( Figure S4B ). The mobile fraction of actin at invadopodia was significantly increased in fascin knockdown cells and decreased in GFP-fascin-overexpressing cells ( Figure 3B) . However, the bulk turnover rates of actin at invadopodia were almost unaffected ( Figure 3B, recovery half-time) . Thus, Figure 1 ). Middle: area of degradation per invadopod (as in Figure 1 ). Bottom: number of invadopodia per cell (as in Figure 1 ). Invadopodia were defined as cortactin puncta colocalizing with area of matrix degradation; error bars show mean 6 SEM. **p < 0.01 by t test. See Figure S3 for related data with A375MM cells.
the amount of actin trapped at invadopodia is at least partially dependent on fascin, but rapidly cycling actin may not be bundled by fascin. This is consistent with the presence of unbundled highly dynamic actin, which is likely being rapidly turned over to produce force for motility and more stable actin in association with fascin to provide longevity of protrusions. Because fascin stabilizes the filamentous actin at invadopodia and itself exchanges slowly at invadopodia, we postulated that fascin might function at invadopodia to provide a more stable platform for degradation of matrix. Most (>50%) invadopodia in A375MM cells persisted for up to and beyond 6 to 8 hr (Figures 3C and 3D ; Movie S3). Fascin knockdown cells formed fewer invadopodia, and invadopodia were generally smaller and more short lived (approximately 50% of invadopodia persisted for less than 2 hr) (Figures 3C and 3D ; Movie S3). Together, these data indicate that fascin is important for invadopodia stability and function because it affects the number and size of invadopodia, as well as their lifetime.
Mesenchymal-Type Cancer Cells Selectively Require Fascin during Cell Invasion in a 3D Environment
Because fascin stabilizes actin at invadopodia, we investigated a role for fascin in invasion into 3D matrix. Consistent with previous reports, migrating A375MM cells in collagen I-Matrigel appeared rounded, characteristic of the so-called amoeboid type of migration ( Figure S1I ) [22, 23] , whereas CHL-1 cells appeared elongated and very spiky, with many long, fine actin-rich protrusions, many of which showed abundant fascin ( Figure 4B ; Movie S4). A375MM cell invasion into 3D matrix was not significantly inhibited by fascin depletion ( Figure 4E ), whereas CHL-1 cells depended on fascin for efficient matrix invasion and 3D collagen degradation ( Figure 4D ). MV3 human melanoma cells and MDA-MB-231 cells, which both display mesenchymal migration [24, 25] , also depended on fascin for efficient invasion ( Figure 4E ). Fascin knockdown changed the shape of CHL-1 cells migrating in 3D gels, with a decrease in filopod-like protrusions and some remaining small puncta and stubby protrusions ( Figure 4C ; Movie S4), but fascin knockdown had no apparent effect on the rounded shape of A375MM cells ( Figure S1I ). We reasoned that at least some of the finger-like protrusions in CHL-1 cells could be invasive filopodia and could aid the movement of mesenchymal-type cells in 3D matrix. We therefore probed the requirements for other components of invadopodia, including N-WASP, which organizes Arp2/3 complex mediated actin assembly, and the transmembrane matrix metalloprotease MT1-MMP, which controls matrix degradation at invadopodia. Knockdown of N-WASP, which causes a reduction of invadopodia (Figure 1; [26, 27] ) but no change in the filopod-like protrusions in 3D, reduced both invasion into Figure S4C shows the localization of GFP-MT1-MMP to filopod-like protrusions in 3D collagen I-Matrigel matrix. Movie S4 shows the dynamics of filopod-like protrusions in 3D and a comparison of NT and fascin knockdown cells.
collagen I-Matrigel matrix and 3D collagen degradation ( Figures 4C and 4D) . Likewise, the MMP inhibitor GM6001 or siRNA reduction of MT1-MMP ( Figures 4A and 4C-4E ) did not affect filopod-like protrusions in 3D matrix but significantly reduced invasion of mesenchymal-type cells and 3D collagen degradation. Treatments to inhibit protease activity did not affect invasion of A375MM cells ( Figure 4D ). Our results show that filopod-like protrusions alone are not sufficient for 3D invasion and suggest that invadopodia or their equivalents in 3D are required for mesenchymal-type cells to degrade the matrix during 3D invasion in our conditions. We next examined the ability of Xtfascin S33A and Xtfascin S33D to rescue fascin knockdown cells. Xtfascin S33A restored the normal number of protrusions and relative invasion and also 3D collagen degradation, whereas Xtfascin S33D did not ( Figures 4C and  4F) . Taken together, our data suggest that fascin is important for the formation of stable actin-based degradative structures (invadopodia on 2D matrix and their equivalent in 3D) and for filopod-like protrusions that contribute to invasion in 2D and in 3D. Formation of filopodia alone was not sufficient for optimal migration in 3D (in our experimental conditions) because knockdown of N-WASP and MT1-MMP reduced invasion but didn't reduce the formation of filopod-like protrusions. Previous studies suggest that cell leading edges are not necessarily major places of matrix degradation but rather that degradation happens at lateral points where the matrix restricts the cell movement and at structures that have been called ''lytic protrusions'' [28] . Some of the filopod-like protrusions in CHL-1 cells may be involved in matrix remodeling because they all contained GFP-MT1-MMP ( Figure S4C ; >100 filopod-like protrusions in >10 cells). However, our data strongly suggest that matrix remodeling promoted by ''invadopodia equivalents'' is more important for efficient cell invasion than filopod-like protrusions. ''Invadopodia equivalents'' may be smaller and more transient in 3D than in 2D on very stiff matrix, analogous to focal adhesions [29] . Historically, invadopodia were first described as invasive finger-like protrusions into gelatin beads [30, 31] , but invadopodia with obvious actin comet tails have not yet been visualized in 3D gels. We find that fascin promotes long protrusions in 3D and stabilizes actin in invadopodia and that this enhanced stability allows for more efficient invasion by mesenchymal cells, both in 2D and in 3D.
In summary, we implicate fascin in stabilizing the actin structures in invadopodia and also in aiding cell invasion into 3D matrices with a mesenchymal elongated protrusive mechanism. We suggest that invadopodia represent invasive filopodia, yet are distinct from filopodia in that they have actin comet dynamics as well. Our data build on previous literature establishing fascin as an important protein for cancer invasion and metastasis and elucidate a role for fascin and invadopodia in mesenchymal-type invasion. 
Fluorescent Gelatin Degradation Assay
Gelatin degradation assay [32] and collagenolysis in 3D [28] were done as previously described, and modifications are described in the Supplemental Experimental Procedures. Area of gelatin degradation in invadopodia assays was done with an ImageJ plugin that was designed for this purpose and that will be described elsewhere. We will make this available to readers on request.
Confocal Imaging and Fluorescence Recovery after Photobleaching Analysis A375MM cells expressing green fluorescent protein (GFP) or red fluorescent protein (RFP) expression constructs were cultured on crosslinked gelatin for 16 hr. Culture medium was replaced with CO 2 -independent low fluorescence medium with 10% fetal calf serum before imaging. All FRAP experiments were performed with an Olympus FV1000 confocal microscope with a simultaneous illumination scanner allowing simultaneous bleaching and image acquisition at 37 C. Detailed explanations are given in the Supplemental Experimental Procedures.
Inverted Invasion Assays and Live Cell Imaging
Inverted invasion assays were performed essentially as previously described [33] , except that we used a mixture of Matrigel and collagen I, yielding a final collagen concentration of approximately 4.4 mg/ml 21 and a final Matrigel concentration of approximately 2.2 mg/ml 21 in transwell inserts containing 8 mm pore-size micropore polycarbonate membrane filters. Details are given in the Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures, four figures, and four movies and can be found with this article online at doi:10.1016/j.cub.2009.12.035.
